This paper estimates a variety of models of inflation using quarterly data for the UK between 1965 and 2001. We find strong evidence that the persistence of inflation is nonlinear and that inflation adjusted more rapidly in periods of macroeconomic stress such as the mid-1970s, the early 1980s and the late 1980s-early 1990s. Our results imply that inflation will respond more strongly and more rapidly to changes in interest rates when the price level is further away from the steady state level. This has implications for optimal monetary policy. We thank Mike Clements, Jerry Coakley, Denise Osborn and seminar participants at Leicester for their comments.
1) Introduction
Milton Friedman famously argued that the impact of changes in monetary policy on inflation is subject to "long and variable lags". Long lags, it was argued, are caused by highly persistent inflation. Variable lags are caused by variations in the persistence of inflation. Modern macroeconomics has absorbed the first part of Friedman's statement. Current estimates suggest that the greatest impact on inflation of current policy actions is felt 4-8 quarters ahead (e.g. Bank of England, 1999, Batini and .
Inflation persistence is reflected in recent theoretical analyses of monetary policy (e.g. Svensson, 1997 , Clarida et al, 1999 . We consider two aspects of non-linearity. We investigate the size hypothesis, which argues that inflation adjusts faster when the price level is further from its equilibrium or steady-state level. This will occur if, for example, more firms choose to adjust price when the price level is further from the steady-state, as argued by Ball and Mankiw (1995) . We also investigate the asymmetry hypothesis, which argues that inflation persistence when the price level is above its steady-state level differs from inflation persistence when the price level is below the steady-state level. Theory does not provide a clear prediction about the direction of this effect. Some models predict that inflation will adjust more rapidly when prices are "too low", that is below the steady-state level. This is because the gap between the price level and the steady-state price level will be eroded by inflation if prices are "too low" but will increase if prices are "too high" (see, for example, Ball and Mankiw, 1995) . However this prediction can be reversed in more competitive markets where high prices may provoke entry (see, for example, Bennett and La Mana, 2001) .
We estimate a variety of models of inflation persistence using quarterly data for the UK between 1965 and 2001. We have a number of findings. We find strong evidence that the persistence of inflation is non-linear as non-linear models consistently outperform the linear model. Estimates of nonlinear models reveal that inflation is normally highly persistent, but becomes less persistent in periods of "macroeconomic stress", such as the inflationary episode of the mid-1970s, the severe recession of the early 1980s and in the early 1990s. There is clear and robust support for the size hypothesis in the nonlinear models that we estimate. In our preferred model of inflation persistence, we find that the persistence of inflation is lower when the price level is more than 3.5% away from the steady state level. There is also support for the asymmetry hypothesis in our preferred model, where we find that inflation is less persistent when prices are above the steady state.
Estimates of other models, however, provide less support for the asymmetry hypothesis.
These findings have clear policy implications since variable lags in the persistence of inflation will affect the optimal timing and extent of policy changes. In particular, our finding that inflation adjusts more rapidly when prices are further from the steady state suggests that inflation may be more responsive to monetary policy in periods of "macroeconomic stress". Finally, we note that there are dangers in using linear models of inflation persistence.
These models find that inflation is always highly persistent and cannot account for the variations in persistence we detect using nonlinear models.
Linear models may therefore be seriously misleading in periods of macroeconomics stress, when persistence is lower. This suggests that ignoring the second part of Friedman's statement by relying on linear models may result in systematic mistakes in monetary policy, a problem that is most severe in periods of greatest difficulty.
2) A Baseline Linear Model
Using quarterly data, the typical structure of conventional linear models of inflation persistence is as follows:
( Nickell, 1985 , Alogoskoufis and Smith, 1991 and Tinsley, 2002 . Structural model of forward-looking price adjustment can be derived by assuming that firms minimize an intertemporal loss function where per-period losses depend on the quadratic difference between p and p* and where firms also face quadratic costs of price adjustment (Rotemberg, 1987) . A similar equation can also be derived using a model in which there is a fixed probability that firms can adjust price in any period (Calvo, 1983, Gali and or a model of overlapping price adjustment (Taylor, 1979) . For a discussion of these models, see Rotemberg (1987) and Roberts (1995 We specify the steady-state price as
where ulc is the natural logarithm of labour costs, p w is the natural logarithm of world prices in domestic currency and u t is a white noise error term. The specification of (5) is quite standard as models similar to (5) have been analysed elsewhere in the literature (e.g. Alogoskoufis, 1990 , Hendry, 2001 , Clements and Sensier, 2003 . We follow Hendry (2001) in estimating (5) using the Engle and Granger (1987) approach.
Estimates of (5) Johansen, 1988 Johansen, , 1995 , approach to estimating cointegrating relationships, e.g. Martin, 1997) , although the weight on world prices is somewhat smaller than in studies that use annual data over a longer time period. We investigated the robustness of our estimates. We estimated models using the consumer price index to measure prices, used a measure of world export prices to measure p w and used weekly rather than hourly wages.
We also imposed homogeneity on (5). Although there was some variation in the parameters estimates, the implied values of p* from these experiments were similar 2 .
We also estimated a model in which the steady state is a function of the nominal money supply and import prices. Estimates of this model were also cointegrated and the implied values of p* are again broadly similar.
Estimates of our linear model of inflation persistence are presented in column (i) of Table 2 . Our preferred specification is
where ε t is a white noise error term. This model was obtained from a specification search on a general model that included up to 9 lags of all variables and where the error correction was included at different lag lengths.
We were able to omit all lags of * 4ˆt p ∆ and to include only three lags of ∆ 4 p.
The data strongly preferred the error correction term to reflect price disequilibrium at a one-year lag. We include a dummy variable for 1979Q3 to capture the effects of the introduction of VAT (see also, Clements and Sensier, 2003) . As the presence of
problems, all inflation models are estimated by instrumental variable techniques using
p as an instrument. The estimated residuals appear to be white noise. However the estimates are unstable since they fail the parameter stability test.
2 Details of these and all other estimated models referred to in the paper but not explicitly reported, are available from the authors.
The estimates display considerable persistence. The estimate on the error-correction term implies slow but significant adjustment towards the steady state. The finding of substantial persistence is consistent with a large body of evidence using a variety of methodologies (e.g. Bank of England, 1999 , Mihov, 2001 , Batini and Nelson, 2002 , Balakrishnan and Lopez-Salido, 2002 , Kara and Nelson, 2002 . We investigated the robustness of these findings by estimating models using the alternative measures of p* referred to above. We also estimated a model based on the alternative methodology in (4). In neither case were there any significant changes to the estimates and the key features of our estimates were unaffected.
We begin our assessment of nonlinearity by testing (6) against a general non-linear alternative using the Lagrange Multiplier (LM) F-test of Luukkonen et al. (1988) We estimate the augmented model 
. Table 3 presents the results of our linearity tests. We report p-values for 9 values of the delay parameter, d. The null hypothesis of linearity is rejected in almost every case.
3) Non-linear Models of Inflation Persistence
We begin by estimating a series of nonlinear-in-variables models of inflation. We first estimate the Escribano-Granger model Granger, 1998, Escribano and Aparicio, 1999) where (
and is zero otherwise, ( Estimates of these models are presented in columns (ii)-(iv) of Table   2 3 . All three nonlinear models have a lower standard error and AIC than the linear model, with the composite model providing the best fit. However all three models also fail the parameter stability test. There is strong support for the size hypothesis since we are always able to reject the hypotheses 067 :0 Hαα == and estimates of 6 α and 7 α in columns (ii) and (iv) are similar.
The status of the asymmetry hypothesis is less clear. We are able to reject the hypothesis 055 :
The estimate of 5 α − is wrongly signed and insignificant in column (iii), as is the
These estimates suggest that the persistence of inflation is nonlinear.
However the failure of the parameter stability tests suggests that none of these models is entirely satisfactory. We therefore consider alternative models of nonlinear inflation persistence. We will analyse a series of Smooth We model the probability in (14) using a quadratic logistic function.
This model has the properties that (i) θ becomes constant as σ→0 and (ii) (Jansen and Teräsvirta, 1996) . We use the fourth lag of the error correction term in (14) because van Dijk and Franses (2000) and van Dijk et al. (2002) recommend using the lag corresponding to the value of d that gives the strongest rejection of the null of linearity in (7). As Table 3 shows, this occurs at d=4.
There are size effects in this model, if inflation is less persistent in the outer regime, that is, if 1525 αα <. Granger and Teräsvirta (1993) and Teräsvirta (1998) . M 3 has more influence on inflation when the probability that the error-correction term is above the upper "regime boundary" U τ is higher; similarly, M 2 has a greater impact on inflation when it is more likely that the error-correction term is below the lower "regime boundary" of L τ and the inner regime M 1 has more impact when the probability that the error-correction term is between these bounds is higher. H αα = . Thus, there is asymmetry because, although the regime boundaries are symmetric, there is less persistence in the upper regime than the lower regime. We therefore find that inflation adjusts more rapidly when prices are above the steady state level. Estimates of the τ parameters are similar to those of the quadratic logistic model. The σ parameter is estimated to be rather small for the boundary between the middle and upper regimes which implies a rather smooth change in inflation persistence as this regime boundary is crossed, but to be large for the boundary between the middle and lower regimes which implies a rapid change in behaviour for this transition.
We investigated the robustness of these results by examining the argument that the outer regimes simply model outliers corresponding to periods when prices were furthest from the steady state. To evaluate this, we estimated a model that augmented the linear model in (6) with dummy variables for those periods corresponding to being in the outer regimes in estimates of our preferred model. Estimates of this augmented linear model explain the data better than the linear model but considerably worse than the STECM. Furthermore, estimates of the parameters of (6) were little affected by the inclusion of the dummy variables and the estimated residuals from the augmented model were non-normal.
4) Implications
This section considers the implications of our results. In all our nonlinear models, the persistence of inflation has varied with the errorcorrection term. Figure 1 plots the error-correction term 4 (*) pp − − against the estimated regime boundaries from our final, preferred, STECM model. We observe that inflation has been determined by the middle regime for most of the sample but that the error-correction term has moved into the outer regimes in periods of macroeconomic stress. Prices were up to 5% above steady state in the early 1970s, up to 10% below steady state during the inflationary episode of the mid-1970s, up to 5% above steady state in the early 1980s and up to 5% below steady state during the late 1980s and early 1990s. 
5) Conclusion
This paper has investigated the persistence of inflation in the UK over the past 35 years. We have found strong evidence that the persistence of inflation is nonlinear and is best captured using a three-regime STECM model. We have found evidence of both size and asymmetry effects. This means that the persistence of inflation increases as prices move further from the steady state and that the rate at which this happens depends on whether prices are above or below the steady state. Our results imply that inflation will respond more strongly and more rapidly to changes in interest rates when the price level is further away from the stead-state level. This has implications for optimal monetary policy.
Our work can be extended in several ways. The theory of nonlinear price adjustment is at present very underdeveloped. The model of Ball and Mankiw (1995) might provide a way forward here. This model combines timedependent and state-dependent models of price adjustment by allowing firms to adjust price more frequently if they are willing to pay an additional cost.
Since firms will be more willing to pay this cost when prices are further from their optimal values, the resulting model might well exhibit the sort of size and asymmetry effects investigated in this paper.
with size and asymmetry effects can be elevated into a stylized fact, by considering inflation in other countries. If it can, then nonlinear adjustment of inflation might be incorporated into models of monetary policy, building on existing work that considers the impact of a nonlinear Phillips Curve (eg. Dolado et al, 2002 ) Table 1 Estimates of the steady state price equation ( Table 2 Estimates of alternative inflation models Lin and Teräsvirta, 1994, and Eitrheim and . Numbers in square brackets are the probability values of the test statistics. AIC is the Akaike Information Criterion. Size effect and asymmetry effect tests are F-tests. Granger and Teräsvirta, 1993) . The tests against the linear, size and asymmetry model are F-tests. .7
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